Dwarf colony variants of Staphylococcus aureus have been described as a causative agent of bovine mastitis in Israel. These strains were reported as auxotrophic for thiamine, being unable to synthesize the vitamin from its pyrimidine and thiazole moieties. In the present paper it is shown that strains with two different deficiencies are involved. One type is unable to concentrate the thiazole moiety and the other is unable to phosphorylate the pyrimidine portion of the vitamin. The results indicate the existence of independent permeases in S. aureus for these thiamine moieties.
INTRODUCTION
Dwarf-colony variants of Staphylococcus aureus have been reported by several authors. They were generally obtained in vitro from normal strains kept under adverse conditions, such as exposure to chemicals (Hoffstadt & Youmans, 1932; Youmans & Delves, 1942; Hale, 1947 ; Browning & Adamson, I950), to antibiotics (Barbour, 1950;  Browning & Adamson, 1950; Wise & Spink, 1g54), or to irradiation (Hale, 1949; Gause, 1961) . Similar variants have been isolated from infectious lesions, especially after treatment with antibiotic drugs. In the latter case the cultures developed as normal colonies when incubated under increased COz pressure (Goudie & Goudie, 1955 ; Thomas & Cowlard, 1955; Sherris, 1952; Hale, 1951) .
We have previously reported dwarf variants of Staphylococcus aureus to cause bovine mastitis in Israel. The growth of these strains was unaffected by COZY but when thiamine hydrochloride was added to the nutrient medium after sterilization by autoclave normal staphylococcal colonies developed (Lernau & Sompolinsky, I 962 ; Sompolinsky & Levy, 1961) . As known, the thiamine required for growth of S. aureus may normally be replaced by the pyrimidine + thiazole moieties of the vitamin (Knight, 1937) . In the present communication, further studies of the metabolic disorders of these variants are reported.
METHODS

Bacterial strains
The dwarf strains were all coagulase positive and produced a and fl hemolysins.
No differences in phage pattern and antibiotic spectra were observed between dwarf strains isolated from cows of a single herd, but strains from different herds varied.
On most nutrient media the dwarf strains formed minute transparent colonies. On these colonies dark orange sectors developed after a few days at 37". These were composed of mutant clones which could easily be isolated and their growth was typical of Staphylococcus aureus. In some strains the dwarf colonies lying around the periphery of mutant colonies were significantly larger than when they occurred alone. This satellite growth suggested cross-feeding. This effect was not observed with other strains. Strains ~5 5 1 and ~5 5 2 were of the former type and D 1560 of the latter. These three strains were from different herds. Other dwarf strains from these herds as well as from other herds were metabolically identical with one of these two types. Only experiments with these strains will therefore be described.
Strain resistant to the typing phages in general use.
Strain N 1560. Normally growing mutant of D 1560. The identity was checked by streptomycin resistance, phage sensitivity, and production of a and / 3 hemoly sins.
For the sake of comparison several strains isolated from human pathological conditions were included in some of the experiments as described below. Defined medium, modiiied from Gladstone (1937): KH2P04, 0.91 g.; Na,H PO4, 3-83 g. ; Mg SO4. 7 H20, 0.1 3 g. ; Fe SO4. (NH4)S SO4. 6 H20, 0.01 g. ; glucose, 5.0 g. ; nicotinic acid, 1.0 mg.; distilled water to I 1.; pH 7.4. The following amino acids were added : glycine, L-valine, L-leucine, L-proline, L-aspartic acid, L-glutamic acid to a h a 1 concentration of I/I 500 M; L-phenylalanine, L-arginine, L-histidine to 114000 M; L-cystine to I/IOOOO M. Thiamine or its thiazole and pyrimidine moieties were added as indicated. The KH2P04, NaaHP04 and MgS04. 7H20 were autoclaved, the other ingredients were sterilized by filtration and added aseptically.
Media and chemicals used; cultivation
Thiamine hydrochloride (Sigma), thiamine pyrophosphate (Sigma), sodium pymvate, A grade (Calbiochem), 2-methyl 4-amino 5-aminomethylpyrimidine from E. Merck, Darmstadt, were used and 4-methyl-5-(,8 hydroxyethy1)-thiazole synthesized by Professor Dr B. Prijs, Institute for Inorganic Chemistry, Base1 University, Switzerland. The two thiamine moieties will be referred to as the pyrimidine and the thiazole moieties.
Phosphorylated derivatives of the thiazole and pyrimidine moieties. Due to lack of authentic samples the following preparations were used. Staphylococcal strain N I 560 was grown under aeration in CVF medium without thiamine, and the starved cocci harvested, washed and transferred to Warburg respiration vessels (see later). To one vessel was added 6 x I O -~ M of the pyrimidine moiety, to another an equimolar amount of the thiazole moiety. The vessels were incubated at 37" for 20 hr. After separation of the cocci, the supernatant solutions were designated 'crude pyrimidine pyrophos-I00 ml.
phate' and 'crude thiazole phosphate', respectively. It was assumed that these solutions probably contained a certain amount of phosphorylated end-products synthesized by the cocci. The solutions were virtually free of thiamine, since they did not stimulate oxygen consumption with pyruvate by starved bacteria of the strain N 1560.
Growth. To determine growth requirements, the cultures were grown with aeration in a water bath at 37" for 20 hr. in CVF medium enriched with 3 x I O -~ M-thiamine. The cocci were harvested, washed five times in cold 0.05 M phosphate-buffer (PH 7*0), resuspended in Gladstone's defined medium to a concentration giving 20 Klett units (filter 540 mp) and incubated for 24 hr. Growth was indicated by an increase in turbidity of at least 100 Klett units. 
RESULTS
Growth requirements
Growth of staphylococcal strain N 1560 depended on supplementation of Gladstone's defined medium with either thiamine or with both moieties of the vitamin. When the medium was enriched with thiamine both types of dwarf variants grew as well. Strain D 551 gave no growth on defined medium supplemented with the thiazole or the pyrimidine singly or together even at high concentrations. On the other hand, strain D 1560 grew as well as strain N 1560 when both the thiazole and pyrimidine were added together, provided that the thiazole concentration was about 10,000 times higher than that required by strain N 1560 ( Tables I, 2 ) . Further experiments showed that the pyrimidine requirement for growth was quantitatively similar in strains N 1560 and D 1560.
Respiration with pyruvate as substrate Further information on the enzymic defects which cause the thiamine requirement of the dwarf variants was obtained by measuring the respiration of oxygen uptake with pyruvate as substrate, in Warburg manometers under various conditions. Strain N 1560. When grown in nutrient broth, the cocci of the normal mutant showed a marked O2 uptake with pyruvate as substrate. Addition of thiamine had no influence on respiration. The same was true for six recently isolated human strains of Staphylococcus aureus. This indicates that the cocci after growth in nutrient broth had an intracellular store of thiamine or thiamine equivalent (e.g. cocarboxylase).
On the other hand, the cocci of strain ~1 5 6 0 were depleted of thiamine, and they No supplement -* The thiazole and pyrimidine moieties of thiamine. (Fig. 2) . Respiration was likewise stimulated by addition to the Warburg vessel of both moieties of thiamine together at similar concentrations. When growth in CVF medium was maximal, the cocci were starved for both these compounds. By variation of the concentration of the pyrimidine with a constant concentration of the thiazole and vice versa, it was found that the requirement for both moieties was approximately equivalent to the required concentration of thiamine (Fig. 3) . Respiration was maximal and linear from the beginning of the experiment, indicating a high ability of the non-proliferating cocci to concentrate the pyrimidine and the thiazole and to synthesize cocarboxylase.
Strain ~1560. This variant, when grown in nutrient broth, was unable to respire with pyruvate as substrate unless thiamine was added. The concentration of thiamine needed was equivalent to that required by strain N 1560 after growth in CVF medium. Supplementation of nutrient broth with thiamine had the effect that the harvested
cocci respired with pyruvate as substrate, without addition of more thiamine (Fig. 4) . Stimulation of oxygen uptake was obtained to the same extent when the thiazole moiety was substituted for thiamine, but the concentration required was approximately 500 times higher, on a molar basis. The pyrimidine had no influence on respiration with strain D 1560, not even at concentrations required by strain N 1560 (Fig. 5) .
The ' crude thiazole phosphate ' preparation did not stimulate respiration when added at concentrations significantly lower than those at which the thiazole moiety was effective, at higher concentrations its effect on oxygen consumption was as with the unphosphorylated thiazole compound.
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A - Strains 0551 and ~5 5 2 .
These variants behaved exactly like strain D 1560 with respect to requirement for thiamine after growth in nutrient broth. On the other hand, neither the pyrimidine moiety nor the thiazole moiety, nor both together, stimulated oxygen uptake at any concentration up to 4 x I O -~ M. However, a significant stimulation was obtained with the ' crude pyrimidine pyrophosphate ' preparation at a concen-tration corresponding to 2 x I O -~ M pyrimidine. Oxygen uptake with the 'crude pyrimidine phosphate' was never more than 25-50 % of that obtained with thiamine and was strongly antagonized by the unphosphorylated pyrimidine. The thiazole moiety or the 'crude thiazole phosphate' did not stimulate O2 uptake by themselves and had no influence on O2 uptake when added to the 'crude pyrimidine phosphate' (Table 3) .
DISCUSSION
Cocarboxylase synthesis by Staphylococcus aureus (Tsubota, I 964) follows the same pathway as that in baker's yeast (Camiener & Brown, 1960) . This may be outlined as follows : Pyrimidine moiety -+ pyrimidine nvr*nnL Thiazole moiety + thiazole p: thiamine phosphate -+ thiamine -+ thiamine pyrophosphate wuuwsphate hosphate Since stimulation of respiration by starved cocci of strain N 1560 with exogenous thiazole and pyrimidine moieties of thiamine was maximal from the moment the substrate (pyruvate) was added, the synthesis of cocarboxylase is apparently rapid, and was probably performed during the pre-incubation period (20 min, see Methods).
During growth in unsupplemented nutrient broth the normal strain, N 1560, builds up an intracelldar reserve of thiamine or thiamine pyrophosphate. This reserve must be synthesized from the thiazole and pyrimidine moieties, since thiamine present in the nutrient medium is destroyed during sterilization. The strain D 1560 was deficient for thiamine after growth in nutrient broth, growth of this strain depended probably on traces of thiamine or on a slow synthesis of the vitamin from its breakdown products. The cocci needed extraneous thiazole at a molar concentration about 500 times that of thiamine for maximal respiratory activity. It is, however, of interest that this strain concentrated the pyrimidine moiety intracellularly during growth in nutrient broth, and needed no extraneous supply of this compound for respiration of pyruvate The failure to concentrate thiazole could be explained by (a) a defect in the enzyme which phosphorylates the thiazole moiety, or (b) lack of permease for this compound. Proof of the first assumption would automatically deny the existence of a permease for the thiazole moiety, since otherwise a defective phosphorylating enzyme would lead to a maximal packing of the cocci with the thiazole moiety. But the fact that respiration of strain D55I with 'crude pyrimidine phosphate' was independent of extraneous thiazole suggests that in this strain (and probably also in other Staphylococcus aureus strains) a permease system for the thiazole moiety does exist. The second explanation is therefore the more likely, and is also in accordance with the fact that 'crude thiazole phosphate ' did not stimulate respiration of strain D I 560 at concentrations simcantly lower than that needed when the nonphosphorylated thiazole was used.
Strain D 551 was probably deficient in enzyme which converts the pyrimidine moiety to the pyrimidine pyrophosphate. This is indicated by (a) failure to decarboxylate pyruvate when given thiazole + pyrimidine moieties even at high concentration, and (b) stimulation of oxygen uptake by the product designated 'crude pyrimidine pyrophosphate', which logically should contain a certain amount of the phosphorylated pyrimidine. (Fig-5 ).
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The antagonistic effect of non-phosphorylated pyrimidine on crude pyrimidine pyrophosphate ' might most probably indicate competition for a permease, since the non-phosphorylated compound should have no influence on the thiamine phosphate synthesizing enzyme. That this antagonism was not merely due to a contamination of our pyrimidine compound with some inhibitory chemical was demonstrated by its failure to inhibit the stimulation by thiamine of pyruvate respiration by the same strain (D 551). The suggestion that a permease for the pyrimidine moiety does exist in Staphylococcus aureus is also consistent with the intracellular gathering of this compound by the cells of strain D 1560 during growth in nutrient broth (Fig. 5) . Although these results offer no conclusive proof, they seem to indicate that permeases for the pyrimidine moiety and the thiazole moiety are present in Staphylococcus aureus. These two permease systems are most probably independent of each other since cocci of strain D 1560, which are unable to concentrate the thiazole moiety, nevertheless have enough intracellular pyrimidine moiety for co-enzyme synthesis. The existence of a permease for thiamine in Lactobacillus fermenti has recently been shown in a convincing way (Neujahr, 1966) .
